The current investigation evaluated the use of real-time polymerase chain reaction (PCR) for quantitative detection of Escherichia coli in marine beach water. Densities of E. coli in 263 beach water samples collected from 13 bathing beaches in Hong Kong between November 2008 and December 2009 were determined using both real-time PCR and culture-based methods. Regression analysis showed that these two methods had a significant positive linear relationship with a correlation coefficient (r) of 0.64. Serial dilution of spiked samples indicated that the real-time PCR had a limit of quantification of 25 E. coli colonies in 100 mL water sample. This study showed that the rapid real-time PCR has potential to complement the traditional culture method of assessing fecal pollution in marine beach water.
. The current investigation examined the specificity of lacZ, uidA and cyd genes for E. coli detection. The most specific gene candidate was later selected to quantify the densities of E. coli in 263 samples collected from 13 bathing beaches in Hong Kong using the real-time PCR platform. The results of realtime PCR were compared with the densities enumerated using the traditional culture-based method in parallel. The limit of quantification of real-time PCR was also determined using serially diluted spiked samples.
MATERIALS AND METHODS

Bacterial strains
Ten different bacteria were used to examine the specificity of lacZ, uidA and cyd genes for E. coli detection. They included E. coli, Enterococcus faecalis, Salmonella typhimurium, Shigella flexneri, Klebsiella pneumoniae, Aeromonas hydrophila, Proteus mirabilis, Pseudomonas aeruginosa, Citrobacter freundii and Acinetobacter lwoffii. E. coli, E. faecalis, S. typhimurium, S. flexneri and K. pneumonia may be found in the human intestine, whereas A. hydrophila, P. mirabilis, P. aeruginosa, C. freundii and A.
lwoffii are present in the natural environment. E. coli 
Culture methods
In the laboratory, bacteria in 1, 10 and 100 mL beach water samples were concentrated by filtration using 0.45 μm membrane filters (Advantec, Japan). The filters were then placed on absorbent pads (AP10; Millipore, USA) soaked with 2 mL CHROMagar Liquid ECC (CHROMagar, France) and incubated at 44.5 W C for 24 h. After incubation, E. coli colonies on filters were enumerated in accordance with Ho & Tam () . E. coli appeared as blue colonies whereas other fecal coliform bacteria and other gram-negative bacteria appeared as purple and colorless respectively. The Vitek 2 system was used to confirm the identification of E.
coli on membrane filters. S. flexneri in water samples were also detected using the American Public Health Association Method 9260E (American Public Health Association ).
[0.1 M sodium chloride, 10 mM tris(hydroxymethyl)aminomethane (Tris) and 1 M methylenediaminetetraacetic acid (EDTA) at pH 7.6]. The centrifuge tube with the filter inside was vigorously shaken for 10 min using the Vortex-Genie 2 vortex mixer (Scientific Industries, USA). After removing the membrane filter from the tube, suspended bacterial cells in the STE buffer solution were pelleted at 10,000 rpm for 30 min at 4 W C. The bacterial pellet was resuspended in 1 mL distilled water. Bacterial DNA was extracted using the NucliSenseasyMAG system (bioMérieux, France)
according to manufacturer's instructions.
DNA of the 10 species of bacteria used to assess the specificity of lacZ, uidA and cyd genes was also extracted using the NucliSenseasyMAG system. Samples of these bacteria were individually spiked into 2 L artificial seawater followed by membrane filtration and DNA extraction. Similarly, external standards ranging from 10 1 to 10 7 E. coli colonies in 100 mL water samples were incorporated into 2 L artificial seawater followed by membrane filtration and DNA extraction. These external standards were used to calculate the densities of E. coli in marine beach water samples during real-time PCR. In addition, a blank control was prepared by membrane filtration and DNA extraction of the artificial seawater without E. coli addition.
Real-time PCR
The real-time PCR was performed using the LightCycler 2. 
RESULTS AND DISCUSSION
Specificity
The specificity of lacZ, uidA and cyd genes for E. coli detection was evaluated by performing real-time PCR on 10 different bacterial species (see Table 2 ). The cyd gene was the most specific gene for E. coli detection among the three genes tested, although it also exhibited a positive result for S. flexneri. However, no S. flexneri was detected in any of the 263 beach water samples collected during the study period. Therefore, the cyd gene was selected to quantify the densities of E. coli subsequently. 
Limit of quantification of real-time PCR method
Amplification of serially diluted spiked samples indicated that the real-time PCR had a limit of quantification of 25 E. coli colonies in a 100 mL water sample, which is similar to the study by Khan et al. () . The amplification efficiency was 1.803. Results showed that the real-time PCR was capable of differentiating between the 'good' (<25 E. coli colonies in 100 mL water sample) and the 'fair'
(25-180 E. coli colonies in 100 mL water sample) ranks of beach ranking system, even when they are present in the lower detection range.
Comparison between False-positive and false-negative rates of the real-time PCR were 5% (12 out of 263 samples) and 10% (27 out of 263 samples), respectively. The former may be due to the presence of dead or viable but non-cultivable E. coli cells, whereas the latter may be due to a low E. coli density or the presence of PCR inhibitors, which all complicate the interpretation of real-time PCR. 
